The small size of dendritic spines belies the elaborate role they play in excitatory synaptic transmission and ultimately complex behaviors. The cytoskeletal architecture of the spine is predominately composed of actin filaments. These filaments, which at first glance might appear simple, are also surprisingly complex. They dynamically assemble into different structures and serve as a platform for orchestrating the elaborate responses of the spine during spinogenesis and experience-dependent plasticity. Multiple mutations associated with human neurodevelopmental and psychiatric disorders involve genes that encode regulators of the synaptic cytoskeleton. A major, unresolved question is how the disruption of specific actin filament structures leads to the onset and progression of complex synaptic and behavioral phenotypes. This review will cover established and emerging mechanisms of actin cytoskeletal remodeling and how this influences specific aspects of spine biology that are implicated in disease.
The small size of dendritic spines belies the elaborate role they play in excitatory synaptic transmission and ultimately complex behaviors. The cytoskeletal architecture of the spine is predominately composed of actin filaments. These filaments, which at first glance might appear simple, are also surprisingly complex. They dynamically assemble into different structures and serve as a platform for orchestrating the elaborate responses of the spine during spinogenesis and experience-dependent plasticity. Multiple mutations associated with human neurodevelopmental and psychiatric disorders involve genes that encode regulators of the synaptic cytoskeleton. A major, unresolved question is how the disruption of specific actin filament structures leads to the onset and progression of complex synaptic and behavioral phenotypes. This review will cover established and emerging mechanisms of actin cytoskeletal remodeling and how this influences specific aspects of spine biology that are implicated in disease.
Dendritic spines are morphologically diverse, actin-rich protrusions emerging from dendritic shafts that serve as the receiving sites for the majority of excitatory synaptic transmission in the brain. First described over a century ago by Ramón y Cajal, dendritic spines typically consist of a spine head, which can range in size from 0.5 to 2 m in length, and thin spine neck (ϳ0.2 m thick) ( Fig. 1 ). Their essential function is to compartmentalize biochemical and electrical signals in response to synaptic activation (1) . Dendritic spines are supported by an underlying cytoskeleton that is almost exclusively composed of actin filaments, which can be up to ϳ200 nm long (2) . Remodeling of this densely packed actin governs most, if not all, dendritic spine physiology. This includes spine formation and maintenance, synaptic adhesion, receptor endocytosis and exocytosis, and synaptic plasticity ( Fig. 1) . Further, the actin cytoskeleton drives dendritic spine turnover and morphological changes that occur in vivo in response to experience (3) . Finally, aberrations in dendritic spine morphology and density are linked to a variety of neurological disorders such as schizophrenia (SZ) 2 and intellectual disability (ID) (4) . Recent studies link de novo mutations associated with increased risk of complex psychiatric disorders such as SZ to genes encoding regulators of the post-synaptic actin cytoskeleton (5) (see Fig. 3 ). Together these findings strongly imply that proper maintenance of the spine actin cytoskeleton is critical for spine functionality and neuronal connectivity. This review will focus on the nuts and bolts of actin dynamics in spines as well as recent developments in the modulation of the synaptic cytoskeleton in two crucial dendritic spine processes whose disturbances are linked with synapse pathologies: synaptic adhesion and synaptic plasticity.
Dendritic Spine Actin Regulators
The cytoskeleton of the spine is a highly branched meshwork of filamentous actin (F-actin) that is assembled from a pool of monomeric actin (G-actin) (6) . Before considering how actin modifies many of the key functions of the dendritic spine, it is important to first consider the essential actin regulatory proteins that facilitate actin dynamics within the spine (Fig. 2 ). The activity of these regulators is tightly modulated by Rho family GTPases such as Rho, Rac, and Cdc42. These GTPases are themselves regulated by a host of spine-enriched activators (GEFs) and inhibitors (GAPs) that tune GTPase activity within the spine in response to synaptic cues (reviewed in Ref. 7) . Mutations in spine-enriched GEFs (for example, kalirin-7 (8)) and GAPs (for example, WAVE-associated Rac GAP (WRP) (9, 10)) are associated with SZ and ID, implicating the local control of Rho family GTPase activity and actin remodeling in essential spine functions ( Fig. 3 ). In order for dendritic spines to maintain a highly active cytoskeleton that is capable of responding to adhesion molecules or neurotransmitter release, the actin cytoskeleton undergoes constant "treadmilling," growing at the "barbed end" of actin filaments and disassembling at the "pointed end" of actin filaments (11) ( Fig. 2 ). Actin regulators can facilitate actin polymerization, promote their disassembly, or stabilize filaments as part of this process.
ates a dense network of branched actin within dendritic spines ( Fig. 2 ), but to stimulate branched actin polymerization, the Arp2/3 complex must be activated by one of its nucleation-promoting factors (NPFs) such as N-WASP (neuronal Wiskott-Aldrich syndrome protein), WAVE1, or WASH (12) ( Fig. 3 ). Ablating the expression of Arp2/3 activators such as WAVE1 leads to aberrations in spine morphology as well as behavioral abnormalities (13, 14) . The Arp2/3 complex is essential for dendritic spine maintenance and function such as promoting the treadmilling of the actin cytoskeleton, morphological alterations in response to synaptic activity, and behavior (15, 16) .
A second class of actin assembly proteins important in dendritic spines is the formin family, which is composed of 15 mammalian proteins (17) . In contrast to the branched actin created by the Arp2/3 complex, formins facilitate the polymerization of linear actin filaments. Recent super-resolution imaging reveals that spines are not smooth bulbous structures, as they often appear in conventional light microscopy, but rather they contain fine, finger-like projections from the spine head (18) (Fig. 1) . These spine projections are enriched in the formin family member, formin-like protein-2 (FMNL2), suggesting that it may be important for these structures. Further work will be required to determine the function of these spine protrusions and FMNL2 to spine physiology.
Formins are also thought to play an important role in dendritic spine development by driving the formation of spine precursors such as dendritic filopodia. These filopodia are understudied, highly transient structures that emerge from dendrites before spinogenesis (around day 9 in vitro in cultured hippocampal neurons) (9) . They lack the rounded spine head and are thought to serve as the first contact sites between nascent axonal boutons and dendrites during the development of the synapse. Much (although not all) of the F-actin within dendritic filopodia is unbranched (6) , and studies knocking down the formin mDia2 demonstrate that it is important for the actindependent emergence of filopodia during this initial stage of spine formation (19) . The formin FMN2 may also be important for either spine formation or maintenance. In mice, loss of FMN2 leads to a 32% reduction in spines (20) and an age-related learning/memory deficit (21) . This is particularly relevant as homozygous truncation of FMN2 is associated with profound human ID (20) .
Finally, the assembly of actin by nucleators such as Arp2/3 or formins requires a local pool of available G-actin ( Fig. 2 ). Profilin is a G-actin-binding protein that facilitates nucleotide exchange (ADP to ATP), a switch that allows actin to polymer- ize more readily at the barbed end of the growing filament (17) and is central to both dendritic spine development as well as maintenance. Profilin also binds to both WAVE1 and formins to enhance the local supply of actin during polymerization (22, 23) . The likely importance of profilin is highlighted by findings that it is rapidly recruited to dendritic spines in an activity-dependent fashion where it may facilitate their stabilization (24) . The recruitment of profilin to spines has also been observed following behaviorally induced activity such as fear conditioning (25) .
Actin Filament Disassembly
Counterbalancing polymerization are the actin-depolymerizing factors (ADF)/cofilins (26) , which sever actin filaments (Fig. 2 ). This severing can lead to the creation of new barbed ends for additional filament growth in addition to disassembling F-actin. Cofilin-1 (also termed n-cofilin) is found in the vertebrate brain and localizes to the post-synaptic density (PSD, the protein-rich compartment within spines where neurotransmitters are received from the pre-synapse) of dendritic spines (27) . Because cofilin is enriched at the tip of the spine, it may be particularly relevant for the high rate of actin dynamics within this region (2) . Cofilin is tightly regulated by phosphorylation at serine 3, which causes inactivation of cofilin by inhibiting its ability to bind F-actin (28) . LIM kinase 1 (LIMK-1) phosphorylates cofilin downstream of either Rac or Cdc42 (Fig.  3 ), and loss of LIMK-1 is associated with cognitive deficiencies in Williams syndrome (29) . Loss of LIMK-1 in mice leads to a reduced phosphorylation of cofilin, altered dendritic spine morphology, and enhanced long-term potentiation (LTP) (30) , suggesting that neuron-specific regulation of cofilin is critical for actin homeostasis within dendritic spines. Further, a recent genetic study showed that ADF/cofilin genes are associated with anxiety (31) . Specific roles of cofilin in dendritic spine plasticity will be further explored below.
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Actin Filament Stabilization
Capping protein (CapZ) is a heterodimer of ␣ and ␤ subunits that binds to the barbed ends of actin filaments to stabilize and restrict their elongation (32) ( Fig. 2 ). Capping protein is localized in dendritic spines (6) and the ␤2 subunit has been shown to be important for dendritic spine development and synapse formation through shRNA knockdown (33) . A second type of actin capping protein, Eps8, further highlights the critical role of capping proteins in dendritic spine plasticity. Eps8 (Fig. 3 ) localizes to dendritic spines during chemical LTP (LTP induced pharmacologically), and loss of Eps8 leads to reduced spine enlargement and structural plasticity (34) . Further, Eps8 expression may be reduced in patients with autism spectrum disorder (ASD) (34) .
The Actin Cytoskeleton and Synaptic Adhesion
Trans-synaptic adhesion molecules play a critical role in synapse formation, adaptation, and maintenance through their regulation of the actin cytoskeleton (Fig. 1) . The large diversity of adhesion molecules that mediate these contacts is generated through multiple gene families and extensive alternative splicing. The combinatorial effect of this diversity is thought to generate a sophisticated "chemo-affinity" code that specifies the fine wiring of synaptic contacts. Here we will restrict our review to the cadherins and how they modulate actin remodeling based on recent studies and their potential association with brain disorders in humans.
The Cadherin-Catenin Complex
Classical cadherins are homotypic transmembrane proteins that are composed of an extracellular domain containing five cadherin repeat sequences, a single transmembrane domain, and an intracellular tail that anchors cadherins to the actin cytoskeleton through catenins (␣, ␤, and p120ctn family members). Classical cadherins bind ␤-catenin, which localizes to synapses similarly to N-cadherin and plays an important role in dendritic spine formation (35) and excitatory synaptic transmission (36) ( Fig. 3 ). ␤-Catenins interact with the actin-binding ␣-catenins and couple cadherins directly to F-actin under tension (37) ( Fig. 3 ). ␣-Catenin is thought to relay activity-dependent signals during structural plasticity to actin cytoskeleton reorganization (38) . p120 catenin binds to the juxtamembrane region of N-cadherin, and loss of p120 catenin leads to reduced dendritic spine density, loss of N-cadherin expression, and reduced Rac1 activity with increased RhoA activity (39) . The loss of dendritic spine density is rescued by inhibition of RhoA, suggesting that modulation of Rho family proteins by p120 catenin is sufficient for normal spine density. Finally, ␦-catenin FIGURE 3 . Actin signaling pathways and their association with brain disorders. Shown is a schematic of proteins involved in regulating the spine actin cytoskeleton. The synaptic actin cytoskeleton is a common pathway in which mutations are associated with increased risk for brain disorders. Each protein highlighted by yellow stars has a genetic mutation associated with ID, SZ, or ASD, each of which are indicated in parentheses. Finally, the dashed lines surrounding the Arp2/3 complex and cofilin indicate the final points of signaling output for actin remodeling, both of which have been studied extensively through knock-out mouse studies. Loss of Arp2/3 complex activity in the mouse forebrain mimics aspects of psychiatric conditions such as schizophreniarelated disorders, whereas loss of cofilin is associated with decreased anxiety in mice. ROCK, Rho-associated kinase.
is also found almost exclusively in neurons, and it regulates the actin cytoskeleton through interactions with cortactin (40) and p190RhoGAP (41) (Fig. 3) . Although the cadherin-catenin complex is important for coupling adhesion to actin under tension, the roles of actin tension in spine physiology are unclear. Future imaging using newly developed FRET probes (42) will be an exciting area to better understand the spatio-temporal coupling of cadherin adhesion with tension during synaptogenesis and synaptic plasticity. Mutations in both ␤-catenin and ␦catenin underlie forms of syndromic ID (Fig. 3 ), suggesting that dysregulation of cadherin adhesion and potentially spine actin tension have severe neurodevelopmental consequences relevant to human health (43, 44) .
N-cadherin
Perhaps the best-characterized cadherin at synapses is N-cadherin, which is localized at perisynaptic sites (the area around the PSD) flanking the area of transmitter release (45) . Dominant negative N-cadherin expression in neurons, which blocks multiple classic cadherin adhesion molecules (N-cadherin, cadherin-8, and canherin-11), impairs spine morphogenesis and synapse formation (46, 47) . N-cadherin engagement during the transition between dendritic filopodia and spine morphogenesis may serve to stabilize the actin cytoskeleton in these nascent spines via myosin engagement and tension (48) . Interestingly, N-cadherin also interacts directly with the extracellular portion of GluA2 (Fig. 3) , which is recruited during spine maturation. This interaction may be important for regulating spine morphology in response to synaptic activity through Rac1 and cofilin-mediated remodeling of the actin cytoskeleton (46, 47, 49) . N-cadherin can also couple to the actin cytoskeleton through the scaffolding protein afadin (Fig.  3) . Afadin is an actin-binding protein that colocalizes in synapses with the GEF kalirin-7 (50, 51) and is critical for dendritic spine structure and function (52) .
Protocadherins
Perhaps the most compelling link between cadherins and brain disorders, however, are the protocadherins (Fig. 3) . Protocadherins are the largest subfamily of the cadherin superfamily and are also heavily implicated in neurodevelopmental disorders such as ID and ASD (53) . The signaling mechanisms linking the diverse protocadherins to the actin cytoskeleton in neurons are still being worked out. Recent studies, however, show that the protocadherins PCDH10 and PCDH19 directly recruit the WAVE1 complex (54, 55) . This interaction is mediated by a WAVE complex-interacting receptor sequence (WIRS) in the intracellular tail (56) . Remarkably, the WIRS motif appears to be present in at least 115 proteins, many of which are adhesion molecules, including 24 protocadherins. Interaction between the WIRS motif and the WAVE1 complex may enhance the Rac1-mediated activation of Arp2/3, particularly in the case of the protocadherins PCDH10, PCDH12, and PCDH19.
Actin's Role in Synaptic Plasticity Mechanisms
Once synapses have been formed through the assistance of trans-synaptic adhesion receptors and signaling, dendritic spines undergo rapid remodeling in response to patterns of input from the pre-synapse ( Fig. 1) . Here we will focus on two of these post-synaptic processes implicated in NMDA-type glutamate receptor (NMDAR)-dependent hippocampal learning and memory: LTP and long-term depression (LTD) (57) . LTP is a process in which periods of high frequency synaptic activity lead to a long-lasting increase in the strength of a synapse. LTD occurs after periods of low frequency synaptic activity lead to a decrease in synaptic strength. Although LTP and LTD involve many long-lasting changes at the receptor, signaling, and gene expression levels, we will focus here on two of these alterations that are modulated by actin remodeling and that occur in CA1 hippocampal dendritic spines. These are 1) electrophysiological changes largely resulting from alterations in synaptic AMPA-type glutamate receptor (AMPAR) density, and 2) morphological changes in dendritic spine size or structural plasticity.
AMPAR Trafficking and the Actin Cytoskeleton
AMPARs are ionotropic, excitatory glutamate receptors in dendritic spines that underlie the majority of current alterations during LTP and LTD in hippocampal CA1 synapses. The first evidence to suggest that the actin cytoskeleton was important for AMPAR localization came from studies in cultured hippocampal neurons that were exposed to actin-depolymerizing drugs such as latrunculin A, which sequesters monomeric actin. Loss of filamentous actin led to reduced AMPAR receptors in dendritic spines (58) , inhibition of LTP (59) , and an increase in AMPAR internalization (60) . Although there is an extensive body of research on this topic, for the sake of space, we will focus our discussion on select actin regulatory proteins recently implicated in AMPAR trafficking: cofilin, PICK1, WASH/retromer, and oligophrenin-1.
Cofilin
As mentioned above, cofilin is a critical actin regulator, which severs f-actin, simultaneously breaking it down while creating barbed ends for polymerization. The current literature suggests two roles for cofilin in regulating AMPARs: 1) regulation of AMPAR diffusion/stabilization into the dendritic spine synaptic zone (the portion of the spine immediately apposing pre-synaptic transmitter release sites) and 2) exocytosis into the perisynaptic zone of spines (61) (Fig. 1) . Work in cultured hippocampal neurons shows that activation of cofilin through dephosphorylation is required for AMPAR surface recruitment, suggesting that cofilin's severing of the actin cytoskeleton is critical for insertion of AMPARs into the synaptic membrane (62) . Further in vivo work using cofilin conditional knock-out mice indicated that diffusion of AMPARs was diminished in the extra-synaptic domains, whereas the overall membrane fluidity remained unaffected (63) . This suggests that cofilin has a receptor-specific effect on AMPAR diffusion. Recent work examining AMPAR clustering using fluorescence recovery after photobleaching of surface GluA1 at the spine found that AMPARs are highly dynamic within the PSD, and the dynamics of AMPARs are a result of constantly cycling actin (64) . Interestingly, pharmacological loss of actin by administration of latrunculin A did not lead to rapid diffusion of AMPARs between the extra-syn-aptic and PSD compartments, suggesting that AMPARs are not stabilized in the PSD by actin filaments contrary to previous belief (64) . Taken together, these data suggest that constant actin treadmilling facilitated by cofilin is critical for recruitment of AMPARs to the extra-synaptic zone and PSD, but that AMPARs are not anchored in the PSD by actin.
PICK1
Human protein interacting with C kinase 1 (PICK1) is a scaffold protein widely expressed in cells, including neurons (65) . PICK1 was first identified as a binding partner for PKC (66) and was subsequently shown to associate with the AMPAR receptor subunits GluA2 and GluA3 (65) as well as to interact directly with actin and the Arp2/3 complex (67). Thus, PICK1 provides a potential link between AMPARs and the actin cytoskeleton (68) .
Three domains of PICK1 are believed to be critical for binding these different factors: an N-terminal PSD-95/DlgA/ZO-1 (PDZ) domain, a central Bin/amphiphysin/RVS (BAR) domain, and an acidic C-terminal tail. The PDZ domain binds to PKC (69), as well as several neuron-specific proteins such as GluA2 (70) . The BAR domain of PICK1 binds actin, and the acidic C-terminal tail domain binds to and inhibits the Arp2/3 complex in vitro (Fig. 3) . Structure-function studies of PICK1 suggest that inhibition of the Arp2/3 complex is important for AMPAR internalization in cultured neurons downstream of NMDA receptor activation (67) . Although this work strongly supports a mechanistic link between PICK1, AMPAR trafficking, and actin cytoskeleton remodeling, recent conflicting in vitro analysis of PICK1 and Arp2/3 suggests that PICK1 does not regulate Arp2/3 activity (71). Thus, although PICK1 clearly appears to be important for AMPAR trafficking, additional work is required to resolve conflicting data regarding the relationship between PICK1 and the Arp2/3 complex in the context of AMPAR trafficking in spines.
The WASH-Retromer Complex
Endosomal protein sorting is a process by which endocytosed proteins are sent to one of three possible destinations: the lysosome for degradation, the cell surface for recycling, or the trans-Golgi network. Because of the rapid turnover of AMPARs in the dendritic spine, this process is a particularly important feature, and endosomes have been thought to play a critical role in synaptic responsiveness for many years (57) . Recently, branched actin, the Arp2/3 complex, and its endosomal regulator, the WASH complex, have been linked to AMPAR trafficking.
WASH is a recently discovered endocytic compartment NPF (72) that binds to lipids and is ubiquitously expressed. There are five proteins in the WASH complex: SWIP (also known as KIAA1033), strumpellin, FAM21, WASH1, and CCDC53 (Fig.  3) . As proteins are sorted, the WASH complex is thought to provide endosomal membrane domains through the polymerization of actin into which different proteins can be organized (73) (Fig. 1) . WASH complex is recruited to endosomes through a second protein complex, retromer (74) . VPS35, a component of the retromer complex, localizes to dendritic spines, and expression of a VPS35 loss-of-function mutation leads to altered AMPAR surface expression and synaptic recycling and is also linked to familial parkinsonism (75) . In another recent study of the role of retromer in neurons, it was found that retromer-associated endosomes are found throughout dendrites, that they contain receptors such as AMPARs and NMDARs, and that the endosomes provide a local source of shaft-directed receptor insertion (76) . Mutations within the WASH complex member SWIP cause a form of ID (77) , further suggesting that the neural function of this complex may be important for synaptic plasticity. However, further work is needed to functionally test the consequences of this mutation in SWIP.
Oligophrenin-1 (OPHN1)
AMPAR trafficking is also modulated by the Rho-GAP OPHN1, which inactivates RhoA (78) (Fig. 3 ). OPHN1 forms a complex with GluA1/2, and its knockdown leads to a significant reduction in LTP. This effect on LTP is likely due to altered AMPAR trafficking as overexpression of OPHN1 stabilizes the synaptic surface levels of GluA1/2. Furthermore, blocking GluA1/2 internalization occludes the effect of OPHN1 knockdown on AMPAR-mediated synaptic transmission. The regulation of AMPAR by OPHN1 is dependent on the Rho-GAP domain of OPHN1, and inhibition of the RhoA effector, Rhoassociated kinase (ROCK), affected surface GluA1/2 stability similar to OPHN1 overexpression. OPHN1 is recruited to spines during NMDAR-dependent LTP, suggesting that it likely forms a positive feedback loop by inhibiting Rho-ROCK signaling to stabilize surface AMPAR levels. Interestingly, the effect of OPHN1 is also likely dependent on its ability to interact with the scaffolding protein Homer1b/c (79) . Disruption of this interaction reduces the positioning of the endocytic zone within spines and impairs the recycling of AMPARs important for basal transmission and LTP. Together, these data suggest that OPHN1 operates in a multifaceted manner to coordinate actin cytoskeletal remodeling and endocytosis mechanisms in spines. The ability of OPHN1 to influence glutamate receptor trafficking may be one important clue into the mechanisms underlying how the loss of OPHN1 leads to ID in humans (80) .
Structural Plasticity of Spines Associated with LTP and LTD
The first link between structure and function of dendritic spines was made when Ramón y Cajal hypothesized that changes in dendritic structure could be the mechanism behind information storage. Studies in the mid-1970s showed that synaptic activation increases spine volume and that these morphological changes persisted long-term (81) . This change in spine size is associated with an increase in spine AMPAR number (82) , synaptic strength (83) , and PSD area (84) . Spine structural plasticity is an actin-dependent process and is linked to functional changes associated with LTP and LTD in spines (85) . It is well established that NMDAR activation triggers calmodulin kinase II (CaMKII) activation through calcium influx (Fig. 3) . CaMKII activity then leads to downstream activation of Rho-GTPases such as Cdc42 and Rac via GEFs, triggering activation of NPFs and cytoskeleton reorganization that results in morphological changes of the dendritic spine (86) .
Actin Dynamics during Structural Plasticity
The F-actin of the dendritic spine is divided into three subpopulations based on rate of turnover: the tip of the PSD has highly dynamic actin filaments, the base of the spine has largely stable actin filaments, and the central "spine-enlargement" pool has actin filaments whose dynamics are altered by synaptic activity (87) (Fig. 1) . Further studies show that activation of F-actin contained within the central enlargement pool is dependent on CaMKII activity and enhanced during LTP (88) . Interestingly, this rate of turnover is also subdomain-specific: low at perisynaptic endocytic zones and faster at filaments near the PSD (2) . Regardless of zone, actin filaments treadmill constitutively, with filament lifetimes lasting less than 17 min (87) . Interestingly, although actin remodeling constantly occurs under basal conditions, F-actin content in spines resulting from synaptic plasticity can be long-lasting. Increased actin density in dendritic spines is seen in vivo for up to 5 weeks following electrical LTP induction (89) .
Arp2/3 Complex and the Rho-GTPases
As discussed above, the Arp2/3 complex is the essential factor that creates branched actin filaments in spines. Conditional knock-out of the Arp2/3 complex shows that its activity is critical for the turnover of actin in spines, dendritic spine maintenance, and spine structural plasticity (15) . Furthermore, mice lacking Arp2/3 activity in forebrain exhibit classic endophenotypes associated with neuropsychiatric disorders such as SZrelated disorders (16) (Fig. 3) . The Arp2/3 complex is activated downstream of two Rho-GTPases that are present in the dendritic spine: Cdc42 and Rac (90) (Fig. 3) . A recent study of Cdc42 using conditional knock-out mice showed that Cdc42 is activated in the spine during the induction of structural LTP and that it is essential for structural plasticity and remote memory recall (91) . Directly downstream of Cdc42 and Rac are the NPFs N-WASP and WAVE1, respectively (90) (Fig. 3 ). Although these NPFs are the established direct activators of the Arp2/3 complex, their temporal and spatial dynamics have yet to be fully explored during structural plasticity. Loss of WAVE1, however, enhances LTP, impairs LTD, and alters the morphology of synapses and a wide range of behaviors, including learning and memory (92, 93) .
Cofilin
Actin severing by cofilin is another important mediator of structural LTP and LTD. There are three highly conserved cofilin genes with differing expression patterns: m-cofilin (muscle), n-cofilin (non-muscle), and ADF. Early in vitro studies linked ADF/cofilin phosphorylation to LTP and spine enlargement (94), whereas ADF/cofilin dephosphorylation was connected with LTD and spine shrinkage (95) through actin cytoskeletal remodeling. Further, genetic loss of n-cofilin leads to an increase and enlargement of spines in vivo as well as impairment of reward-induced and fear-conditioned learning (63) . Together, these results suggest a model where spine expansion is mediated by reduced cofilin activity and spine volume loss is facilitated by increased cofilin activity. This role of cofilin in structural LTD or spine shrinkage was recently evaluated in a pharmacological study. The authors found that cofilin activity is required for dendritic spine maintenance and that cofilin is inhibited from severing actin during LTD (96) , contradicting the current model. The role of cofilin during LTP has also been recently evaluated by another study (97) where the authors demonstrate that cofilin is recruited early in LTP, and the rate of cofilin turnover decreases as cofilin interacts with F-actin. This study provides a new regulatory pathway for cofilin during structural LTP, which suggests that instead of cofilin activity being down-regulated, cofilin in fact may facilitate structural LTP. Together, these studies indicate that cofilin activity is important for both LTP and LTD and that more work is needed to clearly understand cofilin recruitment and regulation of activity mechanisms during these processes.
Spine Neck Plasticity
Although most studies of spine structural plasticity have focused on the spine head, super-resolution imaging also suggests that morphometric changes, which are associated with LTP, occur in the spine neck (98) . Following chemical LTP, spine neck lengths decreased by an average of 25% and neck widths increased by 30%. These structural changes in spine necks occurred concurrently with spine head expansion. Because the neck links the spine with the rest of the neuron, this form of plasticity may provide a novel mechanism for morphological regulation of both biochemical diffusion and electrical filtering. Moreover, spine neck plasticity may be important for regulating actin within the spine. For example, actin fibers are reported to be released from the spine head through the neck into the dendritic shaft following LTP, particularly in spines that fail to maintain spine head enlargement (87) (Fig. 1) . As super-resolution microscopy is adopted more widely, it will be important to better understand the regulatory factors that control spine neck dynamics. Although actin may play a role, other cytoskeletal components such as septins could also influence neck dynamics (99, 100) .
Conclusion
The signaling pathways operant to the remodeling of the dendritic spine actin cytoskeleton within the context of synaptic physiology are beginning to emerge. Furthermore, recent discoveries such as the WASH complex, direct links between WAVE/Arp2/3 to adhesion via the WIRS motif, and spine neck plasticity are likely to drive the field in new directions, providing a more complete picture of how spine actin signaling modulates spine physiology. This review has also highlighted multiple links between neurodevelopmental and psychiatric disorders and the regulation of spine actin (Fig. 3) . The emerging consensus is that signaling to the actin cytoskeleton in dendritic spines is a commonly disrupted pathway, whose dysfunction greatly increases the risk of these disorders. Future work is needed to bridge our knowledge gaps between gene mutations relevant to the synaptic cytoskeleton, how they impact synaptic development and physiology, and the resultant neural circuit abnormalities driving disorder-relevant endophenotypes. Advances in mouse genetics (CRISPR (clustered regularly interspaced short palindromic repeats) genome editing), imaging (particularly single spine fluorescence lifetime imaging (FLIM)/FRET), synaptic proteomics (quantitative rather than qualitative), and circuit level manipulations (viral tracing, optogenetics) promise to reveal the interplay between mutations affecting the synaptic cytoskeleton and behavioral endophenotypes.
